Motion of small bubbles upstream of a grid spacer in a two by three rod bundle is experimentally investigated. Trajectories of single bubbles upstream of the grid spacer are recorded by using a high-speed video camera. An image processing method based on the combination of the Sobel filter and the Hough transform is developed to measure void distributions in dilute bubbly flows in the rod bundle. Mean liquid velocities upstream of the spacer are calculated based on 10,000 instantaneous velocity distributions measured by a Particle Image Velocimetry (PIV). Effects of the grid spacer on bubble motion are discussed based on the difference between the measured bubble motion and liquid velocity distribution. The main conclusions obtained are as follows:
Introduction
Departure from nucleate boiling (DNB) in a pressurized water reactor (PWR) fuel assembly is apt to occur just upstream of a grid spacer (1) - (3) , which, in turn, implies that the void fraction there takes an extremely high value (4) - (6) . Lateral migration of bubbles heading toward fuel rods just upstream of the spacer has been speculated as one of the possible mechanisms causing the high void fraction. Zhang et al. (7) , (8) measured the motion of small bubbles just upstream of obstacles in high-speed flows in a vertical square duct. They pointed out that bubbles migrate toward the duct wall due to centrifugal force acting on bubbles in curved liquid streamlines, by which a high void fraction region is formed near the duct wall just upstream of the obstacle. These results indicate that the above-mentioned speculation might be valid for rod bundle geometry. However, little is known on the motion of small bubbles upstream of a grid spacer in a fuel assembly. AsÜnal (9) pointed out, the diameters of vapor bubbles under the PWR condition are about 0.18 mm, and therefore, it is difficult to measure distributions of small bubbles in a fuel assembly by using conductance or optical void probes. Although a non-intrusive image processing technique may be appropriate for accurately measuring bubble distributions, further improvement is to be required to measure the bubble distribution in rod bundle geometry. Bröder and Sommerfeld (10) proposed an image processing method which can extract a twodimensional bubble distribution on a plane from a complex three-dimensional distribution of bubbles in a bubbly flow. Yu et al. (11) made use of a normal-line Hough transform to detect and separate overlapped images of spherical particles. These techniques might be effective for accurate measurements of three-dimensional bubbly flows in a rod bundle geometry.
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Vol. 3, No.1, 2008 In the present study, we examine the validity of the speculation that lateral migration of bubbles heading toward fuel rods just upstream of the spacer is one of the mechanisms causing a high void fraction near the rod wall. Motion of single small bubbles just upstream of a grid spacer in a two by three rod bundle is experimentally investigated. An image processing method, which is based on the combination of the Sobel filter and the Hough transform, is developed to measure void distributions in the gap between the rods. Effects of the grid spacer on bubble motion are discussed based on the difference between bubble trajectories and liquid streamlines measured by using a Particle Image Velocimetry (PIV).
Experimental Method
Figure 1 (a) shows a schematic of the experimental apparatus, which consists of the test section, the inlet section, the bubble generator and the liquid-supply system. Air and tap water at atmospheric pressure and room temperature (air: 298 ± 0.5 K, tap water: 300 ± 2.5 K) were used for the gas and liquid phases, respectively. Water was supplied by the pump and a high-speed liquid upflow was formed in the test section. To examine the effects of liquid velocity on bubble motion, the mean liquid velocity was varied from 1.0 to 4.0 m/s. This range corresponds to typical DNB conditions in PWRs. The test section was made of transparent acrylic resin. The depth, width and height of the test section were 37.8, 25.2 and 545 mm, respectively. Six rods of 9.5 mm in outer diameter and 1150 mm in length were installed in the test section in two by three lattice arrangement with 12.6 mm distance between two adjacent rods. Transparent fluorinated ethylene propylene (FEP) tubes (12) of 1.338 in refractive index, which is nearly equal to that of water (1.333), were seamlessly connected to stainless steel tubes so as to enable optical access to the gap between rods for the measurement of liquid velocity V and bubble motion. Two grid spacers of 45 mm in height were installed in the test section. The lower grid spacer was made of stainless steel plates of 0.5 mm in thickness, while the upper one was made of transparent chloroethylene plates of 0.5 mm in thickness. The distance between the two grid spacers was 500 mm that is comparable to that of a PWR fuel assembly. To measure trajectories of single bubbles, single air bubbles were injected into the liquid flow by using a syringe through a stainless tube (inside diameter: 0.30 or 0.51 mm) mounted on the bottom of test section. To obtain ensemble-averaged bubble distributions, experiments were also conducted for dilute bubbly flows and bubble distributions were measured using an image processing method described in the next section. In the bubbly flow experiments, air was supplied from an oil-free compressor, passed through the tubes installed in the two middle rods ( Fig. 1(b) ) and released as small bubbles from the nozzles (inside diameter: 0.05 mm) flush-mounted on walls. The gas flow rate was controlled by a regulator. The bubble diameter d B in the experiments was set in the range of 0.1 − 0.9 mm (Eötvös number Eo = 0.00136 − 0.11, Weber number We = 0.015 − 0.135). These ranges of Eo and We include those of vapor bubbles under DNB conditions in PWRs (d B ∼ 0.18 mm, Eo ∼ 0.033, We ∼ 0.09) (9) . Note that the Morton number M of the saturated steam-water system in PWR (log M = −11.6) is not so different from that of the present air-water system (log M = −10.8).
The measurement region was the center plane between the two center rods and just upstream of the grid spacer ( Fig. 1(b) ). Bubble motion in the measurement region was recorded using a high-speed video camera (Redlake Motion pro HS-1, 1280 × 1024 pixel/frame, resolution: 0.012 mm/pixel, shutter speed: 20 − 50 μs, frame rate: 1000 − 3800 fps). A micro lens (Nikkor, AF Micro, focal length: 105 mm) was used to make the spatial resolution high and reduce the depth of focus of an image.
Liquid velocity distributions upstream of the grid spacer were measured using a PIV system. Figure 2 shows a schematic of the PIV setup, which consists of the YAG-laser (Spectra Physics, PIV200, 10Hz), laser sheet optics, the high-speed video camera (Redlake Motion pro HS-1, 1280 x 1024 pixel/frame, resolution: 0.003 mm/pixel, shutter speed: 185 − 190 μs, frame rate: 10 fps, double exposure mode), and the delay generator (Stanford Research Inc., Science and Technology were recorded by the high-speed video camera, which was synchronized with the YAG-laser. The intervals of a couple of images were 30, 15, 10, and 8 μs for V = 1, 2, 3 and 4 m/s, respectively. Instantaneous velocity distributions were calculated from the particle images by using a software (Dantec Dynamics, Flow Manager v4.71). The size of interrogation area for PIV processing was 64 × 64 pixel 2 . Ensemble-averaged liquid velocity distributions were obtained by averaging 10,000 instantaneous liquid velocity distributions. The measurement error in the liquid velocity was less than ± 3%.
Void Fraction Measurement
An image processing method was developed to measure two-dimensional bubble distributions in the gap between the rods. Since bubbles are to be distributed throughout the channel, we have to remove out-of-focus bubbles from recorded images to obtain the bubble distribution on the plane in the gap. We therefore adopted a rejection method of out-of-focus bubbles using the Sobel filter, the applicability of which to bubbly flow was confirmed by Bröder and Sommerfeld (10) . In the research of Bröder and Sommerfeld (10) , bubble sizes were comparable to the depth of focus, and therefore they did not need additional image processing for the detection and separation of overlapped bubble-images. Since bubble sizes (d B = 0.1 − 0.9 mm) in this study are smaller than the depth of focus (1.7 mm), it is necessary to detect and split overlapped bubble-images. Hence, we adopted a normal-line Hough transform to detect and separate the overlapped bubble-images (11) . Figure 3 shows the flowchart of the developed image processing method and Fig. 4 is an example of an image at each processing step. First, the Sobel filter is applied to the original 8-bit grayscale image (Fig. 4 (a) ) recorded by the high-speed video camera to obtain the gradient of the brightness level (Fig. 4 (b) ). Then, the edges of bubbles located in the depth Science and Technology (Fig. 4 (c) ). Applying the normal-line Hough transform to the binary image yields a vote function (Fig. 4 (d) ), which is used in the Hough transform to express the degree of certainty in the presence of center at each position. The centers of bubbles are detected by searching the maximum point in the vote function using an interpolation (Fig. 4 (e) ). Finally, bubble diameters are evaluated for all the detected bubble centers as shown in Fig. 5 . That is, pixels on a bubble edge are detected by scanning the binary image shown in Fig. 4 (c) in a predetermined range of radius (r min to r max ) for each detected bubble center. The bubble radius is evaluated by calculating the mean distance between the center and the pixels on the edge. Note that since bubble shapes in this experiment are spherical as shown in Fig. 4 (a) , the error in the image processing using the Hough transform due to non-sphericity is negligible.
A preliminary experiment was conducted to determine the threshold level t edge so as to make the measurement region L y in the y direction to be 1.7 mm (twice of the maximum bubble diameter). As shown in Fig. 6 (a) , a transparent plastic ruler was inserted in the acrylic container filled with water. The geometry of the container was the same as that of the test section shown in Fig. 1 . Images of the ruler with small bubbles (Fig. 6 (c) ) were recorded by the high-speed video camera under the same optical condition as the experiments in the Journal of Fluid Science and Technology Vol.3, No.1, 2008 bubbly flows. The small bubbles were generated by using a small capillary tube connected to a syringe and made to adhere to the ruler. By changing the angle α between the ruler and the focal plane, the bubble position from the focal plane was altered and the image of bubbles at each α was recorded. We determined that t edge = 60 (in 8-bit grayscale) from these images to reject out-of-focus bubbles locating in the outside of measurement region in the y direction (L y = 1.7 mm). The measurement region for void fraction was, therefore, 3.3, 11.8 and 1.7 mm in width, height and depth, respectively. An example of the detected bubbles with t edge = 60 is shown in Fig. 6 (d) . The uncertainties in measured L y and d B evaluated at 95% confidence were 0.1 mm and 0.025 mm, respectively. Figure 7 shows an example of original images including overlapped bubble-images and that of the detected bubbles. Overlapped bubbles in images are successfully detected and separated by using the Hough transform.
Void fractions were calculated from the bubble distribution measured by the abovementioned image processing method. Postulating spherical bubble shape (Fig. 8) , the code length y cl of the bubble in the y direction at a pixel position (x, z) is given by where x c and z c are the bubble center position in the x and z directions, respectively. The instantaneous line-averaged void fraction α(x, z) in the y direction at each pixel position (x, z) is, therefore, evaluated by
An ensemble-averaged void fraction at each pixel was calculated by averaging α(x, z) for 100,000 images (the number of bubbles processed was 300,000 − 750,000). 
Results and Discussions
Trajectories of single air bubbles of 0.2 to 0.3 mm in diameter were recorded by the highspeed video camera to discuss the motion of bubbles in the gap between the rods. Figure 9 shows examples of measured trajectories of single bubbles for the mean liquid velocities V= 1, 2, 3 and 4 m/s. Although bubbles move rectilinearly in the far upstream of the grid spacer (z < −5 mm), they are apt to migrate toward the rod wall just upstream of the spacer (z > −3 mm). This trend is the same as that in a simple square duct containing an obstacle (7) . Fig. 9 Single bubble trajectories Figure 10 shows the liquid velocity distribution measured by using the PIV system. The streamlines of liquid flow were calculated from these velocity distributions. Comparisons between the streamlines and bubble trajectories are shown in Fig. 11 . The streamlines curve just upstream of the grid spacer, and the lateral displacement of the bubble toward the rod wall is larger than that of the streamline in the upstream region of the grid spacer. This is because that centrifugal force acting on a bubble in the curved streamline is smaller than that acting on the liquid phase and therefore the bubble moves toward the center of curvature, i.e., toward the rod wall in the present geometry. This result confirms that bubbles accumulate near the rod wall just upstream of the grid spacer, i.e., the location corresponding to the position of DNB inception in a PWR fuel assembly.
For the examination of statistical characteristics of bubble motion, air bubbles were released from the nozzle flush-mounted on the rod wall to form dilute bubbly flows. The distributions of bubble diameter for V= 1, 2, 3 and 4 m/s are shown in Fig. 12 . The bubble diameter ranges from 0.1 to 0.9 mm. Void distributions upstream of the grid spacer were evaluated by using the image processing method. The ratio α/ < α > of the local void fraction α(x, z) to the void fraction averaged in the x direction < α(z) > is employed to discuss the bubble distribution in the x direction. Figure 13 shows the distributions of α/ < α > for V= 1, 2, 3 and 4 m/s. Just upstream of the grid spacer (−1 ≤ z ≤ 0 mm), α/ < α > is large in the near wall region, whereas the distribution of α/ < α > does not change so much for −5 ≤ z ≤ −1 mm. This result clearly shows that bubbles do accumulate near the rod wall just upstream of the grid spacer. The horizontal distributions of α/ < α > at z = −8, −4 and −0.5 mm are shown in Fig. 14. The difference between the distributions of α/ < α > at z = −8 and −4 mm is very small. To the contrary, the peak in the α/ < α > distribution at z = −0.5 mm is higher and closer to the rod wall than the peaks at z = −8 and −4 mm. This result confirms that the accumulation of bubbles occurs near the rod wall just upstream of the grid spacer, that is, the bubble migration toward the rod wall is statistically significant. The value of α/ < α > in the vicinity of the wall (x > 1.4 mm) for V = 3 and 4 m/s is lower than that for V= 1 and 2 m/s. This might be due to a high turbulence dispersion in the near wall region under high liquid velocity conditions and due to the difference in bubble size distribution.
These experimental results imply that a grid spacer placed in a rod bundle causes the accumulation of small bubbles in the vicinity of rod walls just upstream of the grid spacer in a PWR fuel assembly. Since the high void fraction near the rod wall deteriorates the heat transfer from the fuel rod to the coolant, the bubble lateral migration induced by curved streamline can be one of the causes of DNB inception just upstream of the grid spacer in PWR. Note that the accelerations of bubbles under PWR operating conditions is not so much different from those at atmospheric pressure due to the presence of added mass, though the density ratio under PWR conditions is much lower than that at atmospheric pressure. 
